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I "
7he acoustic iajiiuLion i " a &'ret-i.L'ud rino z:ansJucer of rec-

tangular cross £eLi s: depe..Is not I:.j v-. t:e oscillatic-n of the man

dIameter, but on the pulsscion of the rin, -all and *I ,eLht. On the

r panslon of V-e -*an dia-eter a p-sirive pressure is produced or. the

eater surface ±ile a neg zzve ?;:eesL-re is -:.duced -- the ii~z~er surface.

j ahee two pressu-er tend to ca:;el o ,.other. Beca:se of this, the -

pressure ardising frcn c er nrzLons of t.e rtn: car; not, in feneral,

nbe eglecre-J. Te bject of z%£s report is tc present a simple mdel

itcb easily acccwmdates theze zoJs of viora: AI Mcb are coupled

through the piezoelectric state equations. A further object is to

Inccrporate the piezcoelectric cmplin; intc t'..e torus moJel developed

by ftrke and S?.er%4n" 2

?be new model presentei Aill be referred to as the ring model.

This model is derived in at elewte.tary iashion bw replacin& z:*e separate

vibrating surfaces of a rin.L-cansducer of rectanLular cross section

by separate thin rip-s uith s~urce stren-ths equal t- the strenLths of

the respective vibratir., sjrfaces. T.e total field is Ct,. oLtsined by

Suprposing the field frzi cat,: riri Althobuoih the 130-el is approximate,

there is the advantage that the .ZIvn of ti:he separate surfaces nay be

direc'ly relaLeIj to the ;,iezoeictric c;1atlos whicis Jescri-e the motion

of thb actual L.ysical MJel.

A coparir.ii cF t.e . r-fiel.: fr the ring ard torts

"odels Es rw 1c -L- d L is se..r thst Li- ,, .pr, s&ic.s are Suite sinilar, but
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" indeed, id~tt 'cal. A comparisvt. 's also made between tne results

calculated fron the rIr.S model, and a_-Lal zeas-re-mens: awle by HcH& .4

on 8 piezoelectric free flooded traned,.eer It is found tha- this codel

yields a favorable description of the far field pattern not only at ring

resonance but at cavity resonance.

11. Aml-)n fth i.4Wa

In this section we shall derive Ehe equation for the far-field

pressure of the ring model. A vi'.razi=: ring-transducer of s ll cross

section vill be approximated by four rinw tvo separated Ly the wll

thickness 6 and two separatcd by the height h , The strgth of tbese

rings will be set equal to the strengt's of the corresponding surfaces

aW the piezoelectric equation will be ved to couple the notions of the

surfaces to the motion of the aean radiLs a . It will be assumed that

the presence of one ring does not effect the field of the other, and

that the total field is simply due to the superposition of the fields

of ll the individual rings.

Now the far-field pressure respone ' t, 8) for a thin ring of

radius P vibratiij with a unifors sinusoidal puluation of the cross

section way be shown to be,

_ .-

I ,e  -,--"- ",  -* '"' ()
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where puc is .e charaeris8. iq2elance of the madit=, V is the wave

number oi the nedium, J3 is tie - erot. order Bessel function, r is the

distance co ;:e far fielJ poir.t fr"- the center of the ring and 0 is

the angle be.een and the axis of the ring. 1te "source strength"

9( ) is the .,rodu.t of the naral velocity aud the surface area of the

ring. We hav_.2 written q as tjp) to emphasize that it is a function

of the radius.

lie will now superpose solutions of the above form to obtain a aem.

model for the transducer. Let the actual physical model be as shown in

Fig. 1. The ring representation is shown below in Fig. 2. The rings

it, w 4 gill be used to represant the notions of the inside, top,

outside, and botto-z of the actual physical uodel. The strengths of the

ings will be taken to be eqtal to te strengLhs of the corresponding

surface strerbths of the actual physical zodel. Thus

-3-
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F'i uro 1. Croas-Section of Actual Physical Model
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Figure 2. Cross Section of ling ylel



Nieow the rings " and o are centered in the swe correspondi.g plane ?

as the actval p.ysicl vodel; thus, for thase rings r- R . Since

thz presstr-2 ',i) is to be evalt ced in tae far field, r , kand rb

are nearly parallel; and hence,

r (- -cc$ & (3a)

r 9- co13)

%&ere the above e;:pr:ssions are to b used in ,he phaseq and r r --

is to be Lsed in the arplitude of Eqs. (;b) and (d).

Bence for the and o rings we have the respective pressures

6/2. C- ili 3; (e

-- ~ ba-J [ka, sis0 (4d)

and the total pressure to i the sur..
T

The s ation of tOV, al:hov eqtatlons caa be reduced to a gL-pler

form by considering the velocity distributious ;1' ", and r . We

note first that because of sy-.try, the top-and bottom velocities will

r



r -A-

be equal in =agnitude and phase. With the notation N for these ve-

locities ( " and ) the total pressure contribution from the top and

= =.

bottom vibrations Is

lThe net velocity on the outside surface A and the net velocity on

the inside strfacc mF ay be decomposed in the following nanner. On

expansion of the meaa circunference, the mean radius & moves ourtard

with velocity . ( Fig. I). In addition to this motion tb-re Is

the -coup led viiration - :. as noted, and the ewpansioa and

contraction of the thickness L of the ring. Calling this notion I'

we then ra- write

S --r # . (6a)

- - (6b)

where the direction of Ir is outward from the ciass section. With

this notation the total pressure contribution from the inside and outside

surfaces is

(7)

-+ 1 7 1 '
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The first term is due to the puleatio.- of the wall of the ring, while

the second term Is due to the oscillation of the wall. The Bessel
- afunctions may be erpandedb. thew addition

i-'

eand f thus for is4d- and kL a< I oe have

Collecting terms, de toe the lthe total tresure t +essel

i Lp + 'o "That is,

41

! where
! A(&)= '""_. -- cos, Cos 0°e (10b)

In this report we shall confine our attention to the far-field

angular response rather than an absolte determination of the pressure

~leyel. The quanatity of interest will thev" be the far field directivity

" 7 L



function R. normlized at 900; that is
VenIf€UATCL -kil21)o

~Our analysis has led us to the point where we mi-st now evaluate

the velocity ratios / and ,/-Lr- for a complete determination

of the function A(&).

IlI. Piezoelectric Coupling Between the Modes of Vibration

In this saction we shall determine the relations between the ex-

pansion of the clircmference, the thickness, and the height of the

ring. From this analysis the velocity ratio will be determined for

the complete descriptions of the directivity function IA. Since a

description of the pertinent modes of vibration has been given by

R. S. Woollet on, we need only relate his results to our model.

Before considerin-g piezoelectriceiffects, let us suppose the ring

to be a simple mechanical vibrator isotropic in the ci rcuferential,

thpckness and height directions. With denoting the total extension

in length the velocity ratios may be related to Podssonb ratio o in

the followng fashion.With Posson's ratio defined as

we then have

A 4/ (13a)
Swrt

_____ - -(13)
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i lThu s for this c--se we 11-sve fro2 Eq. (l~b) tihat

For -- extre-l s211 Eq. (10a) may then be written as

Z j- r, C_ W..ic mt L__a__)_ ks4 ie ,(k-s;

It is seen that, for this appromi . (l)on, the directivity function ib

~Independent of the height 6 and the thickness 6

In the more general case of an anisotropic piezoelectric ring the

coupling to the thickness ode ay be different than the coupling to

theheight of the height deped on the elastic odull and the piezo-

electric .constants. Defining aud 4 as piezoelectric Poisson's

constants,

A 12 a. Z

15 b Aa (16)

and noting that

(17)

it nay be seen that

A0'.) - -A : . (18)

Thus with a description of - and Jr- the far-field pressure would

be determit.ed by Eqs. (lOa) and (18).

-9-
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From the equations developed in R. S. Woollett's notes the relations

for 6s aud o-, =ay be written for the cases of a circumferential field,

radial field, and axial field (field directed between the top and bottom

surfaces). These results are sui.n.arized in Table I. For convenient

reference we have listed in Table II the material constants for Clevite

Ceramic B, PZT--, and PZT-5. The approximate values for Nickel are also

given.

In the developnent of the equations displayed in Table I it was

assured that the mediun. offered no' reaction and that the finite Q was

due to the internal losses in the ring (and mouuting). These equations

then would be most applicable for the ring operating in air. For the

cases where the radiation loading is not negligible (as in underwater

operations) we shall assume the equations to be approximately true and

interpret f,, to be the mean resonant frequency (where applicable) and

interpret 'to be the n'easured value from a frequency response curve.

The Piezoelectric equations given in the previous section may also

be incorporated into the basic far field radiation equation for the

torus developed by Sherman and Parke" 2 . This equation may be written

in terms of the present notations as

where B .3 -. o- (19b)

In the development of the above equations 6* is the Poisson's ratio

for a long thin isotropic circular rod. Following the same analysis but

-10-
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Radial Field (cera ic ring):

* =- 13/ 3 1 TC~) J3 5/ 3  Sol

Axial Field (ceramic rieen

s - go.

3 . ..u=. !Circum~ferential field (segmaented ceramic ring):

+ 13 1 :(

Circumferential Field (magnerostrictlive scroll):

.. ,, (1 )l d)

where j- is the resonant frequency and " -- -

This case was added for completeness.

- Iio-



Cam eralm 5 3 --314O/,,-

A r--_ --329 -.631 -.34

tiWcket - ... -

These are the approxrirate- values suggested by 'Woollett and are for the

case of a constant magnetic field H rather than a coratwor electric

field 6.

4



Considerin a Ion tMIS --acroic red of T_-Xcto isr cress sectli.

we find" throzsi camrizom, that

lba, tbhe equations in Table I my be Incorporated into the tonms W"Ii

eqtim tbroth the ,oe of Eq. (20).

If Ve i- the eatiozs for the torus model [EKs. (19a), (19b),

20)with the eqr atim~s for the riag valel (&,s. (Wa) and (iE)J It

aav be sees that there is a close si~dlarity. Tiue basic difference

sew to be betvc- the fractions Ai*_V ma ! . The function A(.&,

Abms, In a s ple fashioa, trac the far-field pressore depends on tbe

belit. For the case Vaereth is extremly suall both 0 and A(#)

ere equal for

(kd9/1~ ja - Cr

111th C f )/ 11  both A and 5 wu~ld be equal, forka - 1.87

bieb is close to the value for resonant operation of met ceramic ring

transducers. Thus, we would expect that both nodels would give nearly

the san results for resonance operations.

IV. CUorarison Wtth V4,asuresnts

A coparison of the theoretical and -easured far-field response

for the transducer described by 1sciaho 3 has been =ade. A comparizon

at ring resonance and cavity resonance uas previously .sde using the

torts model with an assued simple wechanical coupling betieen the



secti.u. ;E= s.t-t-eti£al Z :-- stall u© is tk= rug Mdel dlst

in S-ctims i azd Ill of &. report.

IM6 Lria---Lcer ZLSCribef. Oy M.-abo . pCltd rad ially-. Algheow.

it was ciaimed to be a MA - =zterlalp it wmas felt tLat tihe masre

yoreS v1dseus. irdicated a =o=e caiazt =aterial sixk as flT-5A.

Accor l&l., ui u"ad :'e ?Zr-5A contznts in the e.Atfon for the i-:

field oCfterC ZiTei blV £kS. (11) aed(&a) alO.W w.ith! Eq&.. (1Z) &" (12Y.

The t-.* amaa 1-- Eq. (j)are Jad 1g.For the pr Vs "

thbis initiai comarLma w az d > I ; and tkerefore, let # -

eqt%-. to unity fin Er. (1a). fl-re valvue of was then chae to k

to the averz~e a thia rng reso--act freqwecy 26 Kc and tie cavic-- rf

nant jfre.-eac- 13 KC as Sea*Cr-d or PU&iao

Is Fig. 3 ad t tha experimental a=; theoretical curves MY Le

coapared at ring resacaace 6 Ac and cavity resonance I6 It reSpect i- ely.

Sere we chwsax lr to be ;2 (c a-d -A = 1 as discussed. It i sem that

the egreeeat is quite good not only at ring resonance but at cavity

resonnce.

In order to eval ate the effectiveness of the piezoelzctric co-rpling,

a calculat ion was code at cavity resonance using the ring model v! t . only the

mechanical coupling as described b? Eq. (15). The value of r usec vas

0.367 as deternined fro:: Table II. As seen an Fig. 5, this siap'e-

=echanized rodel does not co=pare as favorably as the vodel with the

piezoelectric coupling.

- 14-
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d-acriptiom of th - .ftr-fittj dirctivity fi-tm. A COmPPOVSOO frIt

WKb's data shsa t ats at least in tbis cowt, thim slan of tbe

piezoelectric ccoplizS effects vie.d a letter Wg- mwt at caft7

res=mnc- C?.a- vies tie D.-.Fga 001 2j echamical €ot~ipus effects

roe averet at cz- icy T-Samae Iiz also Inetter tkm iPreviomsly obtained

Cleab b rly, the leor- LsIs b-tc&L4, n tl aeo

.applicailittv. It wa ass.=ed zbt tevibatiftsrfc my b repre-

stae..e. b-f si-*le w-&-bratin-S rings. lLm, we did not take into account

ti e fact that th radiationa from i--s-r and outer $arksces is, In Semeral"

! d-pedent m the h--iSbt sad wall thiciess. it wold seen, thereforeo

that Cue to- prefeat_ wold be -_st applicable to sbort, thia-malled

rfmps. Another deficienc-y is travc!-.-d in the cockled piezoelectric
equation in the senrse t t in teir pre-nt form asstmd values of

1 -u1 resonance m st be used.

In the future, we hope to €onre te teaory ith core experLental

data before &dding refiner-eats. One way will be to cake a coprison

with masu uts on differcnt free-f looded ring transducers; that is,

transducers ecit-ed in different was , ad transducers of Ce sme

diareter and wail thickness but of varying: height. This cfmparison

Th geI .~ c-t ~oac ~ l.i erta peicl bam



AA£k.r £2:-s V111 Ne to C=;Qr4 Zbe Ca -0mlt &at threttcal

fa3T-itl 72- h;rccCz mtsry cp be easily

adzp!se4 fo -;_-T ZZ z ?Vadic:o Ly rezz!=" -:i* v4"i-LY '0Z Lth

It apeas CEZZ ZL-- --re difficr-r resom to G&taa a LOWd prelctimu

of 912L fa-iexl lress 1 &Ci I= i t:- viciaity of ts"e aris of the

cylinder. 12 zztzi= ti cci of"CS the -can circuderewet

Comazibrts liPcto~' ress"Cre aS24 Cari4ej*SIlY"r z radlacim

froo C:-. am4:~d vsili-" if-- co~paratively Sipdtficst.

Unso bere :t relative =a~az-jds of ;-b wit-ratiaus u.il be izpartant.

The nar of ciai~(direczioa alr rea= plarizatioe) aLuz

wi:. UJC V ILe of t!~e ?Si conss.52:S will indeed influence Cue

radiatior. I,- tiz

Alzheosgh we bavie racenz~Ir acqire4 socc new. data os free-flooded

electrestric live td115_z, so data in addition to that previocsly reported

on free-f lood--d ra tostrictlve scrolit seezs to be available. Wie

would like to suggest that rausurerents be made on a scroll with a spare

cross-section that Is ccmaiderably lese. then on~e-fourth of a wavelength.

A complete set of data including frpedance loops, calibrated frequency

responses (at Pt 00O anA 0 O), and directivity patterns vould be most

helpful. Pbssi!,lv, a sr-all - high frerjuenc-; =odel would lend itself

cost easily Eo a pt--isely controlled leborztory set up ai.I measurevent,

Incit-din considera:,e LnPublished data kindly given to us by Harris A.S.'.,

Wies twood, Mass.
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